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   Abstract²This paper proposes a hybrid converter for medium-
voltage six-phase machine drive systems that mixes the operation 
of a traditional two-level voltage-source inverter and the modular 
multilevel converter (MMC) to enable operation over a wide 
frequency range. Topologically, the proposed converter consists of 
nine arms resembling two sets of three-phase MMCs with three 
common arms, yielding a nine-arm MMC with a 25% reduction in 
the number of employed arms compared to a traditional dual 
three-phase MMC.  The multilevel property of a standard MMC 
is emulated in the proposed converter, however on a two-level 
basis, resulting in a stepped two-level output voltage waveform. 
The proposed converter has a reduced footprint with advantages 
of small voltage steps, modular structure, and ease of scalability. 
Further, it is able to drive high-power six-phase machines within 
low operating frequencies at the rated torque. The operating 
principle of the converter is elaborated, and its modulation scheme 
is discussed. The features of the proposed converter are verified 
through simulations and experimentally. 
 
   Index Terms²Medium-voltage drives, modular multilevel 
converter (MMC), nine-arm MMC, six-phase machines, sub-
module (SM) capacitor voltage ripple, quasi two-level PWM. 
I. INTRODUCTION 
   Over the past decades, adjustable speed drives have gained 
research attention due to their key role in industrial, 
commercial, and military applications. With the wide 
deployment of high power applications in various sectors, such 
as ship propulsion, milling rolls, and oil and gas applications, 
the power level requirement of the adjustable speed drives is 
invariably increasing, reaching the megawatt level, where 
medium voltage (MV) grids are inevitably utilized as the main 
power source [1].  As a result, the MV high-power drives have 
triggered the development of MV converter topologies, while 
fostering multiphase machine rejuvenation based on its salient 
feature of reducing the rated current of the semiconductor 
devices, compared to three-phase machines at the same power 
level. 
   Multiphase drives incorporating six-phase machines have 
garnered most of the interests among the numerous multiphase 
possibilities due to their modular three-phase structure which 
allows adaptation of existing three-phase technology. 
Compared to conventional three-phase machines, six-phase 
machines provide lower ripple in both developed torque and dc-
link current harmonics, higher efficiency, and improved system 
reliability [2], [3]. In the recent literature, six-phase machines 
have been addressed from different perspectives, considering 
their design [4], control [5], [6], and applications [7], [8]. 
   Six-phase machines are fundamentally supplied from a dual 
three-phase voltage-source inverter (VSI) comprising six 
phase-legs. Nonetheless, multilevel converter topologies are 
much preferred as motor drives in MV applications, being able 
to provide a stepped output voltage waveform that reduces ݀ݒȀ݀ݐ stresses on the motor terminals. With the shortcomings 
of the state-of-the-art multilevel converter topologies [9]-[11], 
the modular multilevel converter (MMC) has established itself 
as a mature technology with prominent advantages that enabled 
it to be a standard converter interface in the high-voltage direct-
current transmission field [12], while promoting it as a 
promising candidate for MV machine drives [13]. Since three-
phase MMC topologies can be typically extended to supply six-
phase machines, six-phase MMC configurations are not 
frequently reported in literature [14]. 
   One major drawback of the MMC topology is the wide energy 
variation at the sub-module (SM) capacitor, which increases 
with reduced operating frequency and determines the sizing 
requirement of SM capacitance. This inherent constraint 
precludes the MMC from many MV drives applications where 
startup from stand-still and continuous low-speed operation are 
required. With the SM capacitance being the dominant factor 
for both cost and volume of the MMC, feeding an MV six-phase 
machine through a traditional six-phase MMC, while 
Volt/Hertz control is a prime requirement, will not be 
technically attractive nor cost effective. In this context, this 
paper presents a drive system configuration for MV six-phase 
machines, which compromises the prominent attributes of the 
MMC topology to offer a six-phase motor drive system with 
significantly diminished SM capacitance and reduced silicon 
area. The drive system is recognized as an MMC-based 
configuration that employs three phase-legs comprising nine 
arms, with the capability of generating two independent sets of 
three-phase voltages. The nine-arm MMC topology is operated 
using a quasi-two-level (Q2L) pulse-width modulation (PWM) 
approach which significantly reduces the SM capacitance 
requirement.   
   This paper is organized as follows. Following the 
introduction, the nine-arm MMC topology is presented in 
Section II along with its operating principles and standard 
 modulation as introduced in literature. Section III illustrates the 
Q2L PWM as a proposed modulation scheme for the nine-arm 
MMC. Verification results from simulation models and 
downscaled experimentation are presented in Section IV. An 
assessment of the proposed approach, highlighting its pros and 
cons, is given in Section V. Section VI concludes the paper. 
II. NINE-ARM MMC WITH STANDARD MODULATION 
A. Structure 
   The nine-arm MMC was first introduced in [15], where it is 
structurally similar to the nine-switch converter (NSC). The 
NSC consists of three legs with two sets of three-phase 
interfacing terminals. Each leg is composed of upper, middle, 
and lower switches, where it can be seen as the merging of two 
three-phase VSIs with dual-function middle switches [16]. 
Intrinsically, the NSC was introduced to independently control 
two three-phase motors [17], while recently has been employed 
to empower six-phase machines [7]. That is, the nine-arm MMC 
consists of three legs each with three installed arms, namely 
upper, middle, and lower arms. Similar to a conventional MMC, 
each arm consists of N series-connected SMs. Each SM can be 
a half-bridge (HB) or a full-bridge (FB) cell with a dc capacitor 
of a capacitance C, while the SM capacitor and switching 
devices are rated for ܸ ௖. A circuit diagram for a nine-arm MMC, 
with HB-SMs, feeding a six-phase machine with isolated 
neutral points is shown in Fig. 1. 
B. Principles of Standard Modulation  
   Since the nine-arm MMC generates two different sets of 
three-phase voltages, the modulating signals of both upper and 
lower arms are independent. Referring to Fig. 1, a general form 
for the two three-phase voltage sets are: 
 ݒ௝௡భ ൌ ௢ܸ  ൬߱ݐ െ  ?ߨ ? ݇൰ ǡ ݇ ൌ  ?ǡ  ?ǡ  ?݂݋ݎ݆ ൌ ܽǡ ܾǡ ܿ (1a) ݒ௝௡మ ൌ ௢ܸ  ൬߱ݐ െ  ?ߨ ? ݇ ൅ ߮൰ ǡ ݇ ൌ  ?ǡ  ?ǡ  ?݂݋ݎ݆ ൌ ݔǡ ݕǡ ݖ (1b) 
 
where ߱ is the output angular frequency,߮ is the phase angle 
between the two voltage sets, and ௢ܸ is the magnitude of the 
output phase-voltage, and is defined by the modulation index ܯ 
and the input dc voltage ௗܸ௖ as follows. 
 ௢ܸ ൌ ଵଷܯ ௗܸ௖  (2) 
 
   The arm reduction achieved in the nine-arm MMC topology 
imposes an operational limit in the dc-link voltage utilization 
due to the dual functionality of the middle arms, where it is 
reduced by 33%. To achieve the same power rating as a 
traditional dual three-phase MMC, the dc-link voltage of the 
nine-arm MMC must be increased by 50%.  
   In standard modulation of nine-arm MMC [15], each arm is 
controlled to generate a sinusoidal voltage ranging from 0 to ௗܸ௖. Referring to Fig. 1, and considering the MMC phase-leg 
supplying machine terminals ܽ and ݔ (denoted as leg-1), the 
reference voltages for both upper and lower arms are given as 
shown in (3), where the subscripts U, M, and L are utilized to 
UHIHUWRWKHFRUUHVSRQGLQJµXSSHU¶µPLGGOH¶DQGµORZHU¶DUP
respectively. 
 
 
Fig. 1 Nine-arm MMC feeding a six-phase machine with isolated neutral points. 
 
 
(a) 
 
(b) 
Fig. 2 Stator winding diagram of six-phase machines for (a) asymmetrical 
machine and (b) symmetrical machine. 
 ݒ௎ଵ ൌ ଵଷ ௗܸ௖ ሾ ? െ ܯሺ߱ݐሻሿ (3a) ݒ௅ଵ ൌ ଵଷ ௗܸ௖ ሾ ? ൅ ܯሺ߱ݐ ൅ ߮ሻሿ (3b) 
   The reference voltages of both upper and lower arms are 
utilized to determine the number of SMs to be 
inserted/bypassed through a triangular carrier signal 
comparison. The middle arm is modulated in a scheme that 
ensures a zero voltage sum in the loops incorporating the MMC 
phase-legs and the dc-link. That is, the modulation of the 
middle arm depends on the phase angle between the two 
generated three-phase voltage sets, as given by (4). 
 ݒெଵ ൌ ௗܸ௖ ? ሾ ? ൅ ܯሺ߱ݐሻ െ ܯሺ߱ݐ ൅ ߮ሻሿ (4) 
 
   With the phase angle ߮ greater than  ? ?϶, the middle-arm 
voltage ranges from െ ௗܸ௖  ? ?  to ௗܸ௖ , where such bipolar voltage 
can be realized by the incorporation of FB-SMs in the middle 
arms of the converter. However, since the spatial winding 
connection of both asymmetrical and symmetrical six-phase 
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 machines, shown in Fig. 2, implies  ? ?϶ and  ? ?϶ as a phase shift 
between the voltage vectors of the two sets of three-phase stator 
voltages, respectively, the nine-arm MMC can drive both types 
of six-phase machines with an identical HB-SMs structure for 
the upper, middle, and lower arms. 
C. Low-Frequency Operation 
   The nine-arm MMC topology inherits the serious challenge 
of conventional MMC configuration when operating at low 
frequencies and high currents as a primarily requirement of 
high-power adjustable-speed drives. With fundamental and 
second-order ripple powers pulsating simultaneously in MMC 
arms [13], the SM capacitors experience wide voltage 
fluctuations, especially at low operating frequencies, that could 
threat the safety of switching devices and adversely affect the 
MMC normal operation. To maintain SM capacitor voltage-
ripple within tolerated values, the SM capacitance should be 
designed fairly large to compensate for the high voltage-ripple, 
which increases the converter volume and weight, while 
increasing the system stored energy. Nonetheless, at near zero 
frequency, the SM capacitor voltage exhibits a unidirectional 
change with an extreme voltage-ripple, where increasing the 
SM capacitance is no longer valuable. 
III. Q2L PWM OPERATION OF THE NINE-ARM MMC 
   This paper suggests the nine-arm MMC be operated in a Q2L 
PWM mode as a trade-off approach that can limit SM capacitor 
voltage fluctuation with reduced SM capacitance and 
semiconductor silicon area. Originally, the Q2L approach was 
proposed in [18] for MMCs utilized in dc-dc transformer 
applications to mimic the VSI operation using an MMC 
structure, with the goal of minimizing the SM capacitance. 
Thereafter, the Q2L operation was combined with a triangular-
carrier-based PWM scheme for MMC-fed drives application 
[19]. In this operation mode, the MMC generates PWM 
voltages with a controllable ݀ݒ ݀ݐ ? by briefly employing the 
SM capacitors to synthesis intermediate voltage steps between 
the two dominant voltage levels of the ac output voltage. That 
is, the SM capacitors are switched on/off in a delayed manner 
relative to each other, such that both rising and falling rates of 
the generated voltage are realized through a staircase waveform 
as shown by the idealized sketch in Fig. 3. The time spent at 
each intermediate voltage level is denoted as the dwell time, ௗܶ, 
which is selected small enough to reduce the energy storage 
requirement per SM capacitance for a given voltage-ripple. 
Therefore, the inrush current due to imbalance between the dc-
link voltage and the sum of voltages across SM capacitors will 
be considerably limited, resulting in a diminished arm 
inductance requirement which can be realized through parasitic 
inductance of connection paths. 
   The operational characteristics of the nine-arm MMC 
topology under Q2L PWM is similar to that of the NSC, where 
the utilization of the dc-link voltage depends on the phase angle 
between both modulation signals of upper and lower arms. That 
is, the maximum allowable modulation index when driving a 
six-phase machine depends on whether the machine has a 
symmetrical or asymmetrical winding connection, as defined 
by (5) [20]. 
 
ܯ ൑  ? ? ൅  ቀ߮ ?ቁ (5) 
    
   With  ? ? ? and  ? ? ? displacement angles of asymmetrical and 
symmetrical six-phase machines, respectively, the modulation 
index will be limited to 0.794 and 0.667 respectively, which 
necessitates increasing the dc-link voltage by 20% and 33% 
respectively, to guarantee the same power level compared to a 
traditional dual three-phase MMC. 
   The valid states for each phase leg of the nine-arm MMC are 
described as follows.  
1) State {1}: Both phases from the same leg are tied to the 
positive dc pole.  
2) State {0}: One phase is tied to the positive dc pole, while 
the other phase within the same leg is tied to the negative dc 
pole. 
3) 6WDWH^í`%RWKSKDVHVIURPWKHVDPHOHJDUHWLHGWRWKH
negative dc pole. 
   In each of the above switching states, only one arm has all of 
its SM capacitors inserted, while the other two arms of the same 
leg will have all SM capacitors bypassed.    
 
 
Fig. 3 Q2L approximation within two PWM switching cycles. 
 
 
Fig. 4 Reference and triangular signals for Q2L PWM operation of nine-arm 
MMC (ܯ ൌ  ?Ǥ ? ? ?and ߮ ൌ  ? ? ?). 
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Fig. 5 Q2L PWM scheme of one phase-leg of the nine-arm MMC. 
 
   The Q2L PWM approach of the nine-arm MMC implies the 
upper reference voltages always be placed above the lower 
reference ones, without crossover intersection. This can be 
guaranteed by adding a voltage offset, ݒ௢௙௙௦௘௧, to both reference 
voltage sets, which depends on the winding connection of the 
six-phase machine, and is set to 0.2 pu and 0.33 pu for 
asymmetrical and symmetrical machines, respectively. The 
reference voltages are then compared with a bipolar carrier 
signal to generate the PWM switching schemes for both upper 
and lower arms, as shown in Fig. 4, where they are fed into an 
XOR logical operator to generate the PWM switching scheme 
of the middle arm. With the information of the employed 
number of SMs per arm in addition to the dwell time, the PWM 
switching scheme is converted into Q2L PWM commands that 
determine the number of SMs to be inserted/bypassed. The SM 
capacitor voltage balancing is maintained by a selection 
mechanism based on capacitor voltage measurements at each 
switching instance. This mechanism sorts the SM capacitor 
voltages and then decides which specific SM to be inserted or 
bypassed, according to the relative arm current direction [21]. 
Accordingly, the firing signals of individual SMs are generated, 
as shown in the block diagram of Fig. 5, where ݒ௔כ and ݒ௫כ are 
the normalized signals of the output voltages given by (1a) and 
(1b) respectively at ݇ ൌ  ?. 
 
 
IV. VERIFICATION 
   The performance of the nine-arm MMC topology under Q2L 
PWM is investigated through both simulation and 
experimentation. A 3 MW MATLAB/SIMULINK model is 
used to investigate both steady-state and transient performance, 
while a 3 kW laboratory prototype is tested with an RL passive 
load. Parameters for simulation and experiment are listed in 
Table I and II, respectively.  
A. Simulation Results 
   Figs. 6 and 7 show the fundamental waveforms of a 3 MW 
nine-arm MMC operating at 50 Hz under Q2L PWM scheme, 
while feeding two sets of three-phase RL loads. The angle 
between the two three-phase voltage sets is  ? ? ?. Two line-
voltage samples, each from one three-phase set, are shown in 
Fig. 6a with an expanded view in Fig. 6b, where they range 
from the negative dc pole to the positive one in a Q2L PMW 
fashion. Six-phase load currents are shown in Fig. 6c with a 
high-quality sinusoidal waveform and a THD of 3.3%. The 
supply current is shown in Fig. 6d, and has a pulsating 
waveform that is near unipolar. The arm currents and SM 
capacitor voltages of leg-1 are shown in Fig. 7. Both upper and 
lower arm currents are pulsating within the envelope waveform 
of the sum of ݅௔ and ݅௫, in a complementary manner. Whereas, 
the middle arm current pulsates between the envelopes of െ݅௔ 
and ݅௫. The SM capacitor voltages are balanced around their 
nominal value. The capacitor voltage-ripple is recorded as േ ?Ǥ ? ? ?ǡ േ ?Ǥ ? ? ?ǡ and േ ?Ǥ ? ?for SMs in upper, middle, and 
lower arms, respectively, using 200 µF SM capacitance. The 
voltage-ripple profile of middle arm SMs is lower than that of 
both the upper and lower arm SMs due to the different current 
conduction of the arms. 
   Figs. 8 and 9 show the steady-state performance of the nine-
arm MMC at 10 Hz and 5 Hz, respectively. The output voltage 
is reduced in accordance to the operating frequency reduction, 
while the load resistance is varied linearly with the operating 
frequency to maintain the output current constant at the rated 
value to emulate the constant torque characteristic of variable-
speed machines. In both figures, the load currents ݅௔ and ݅௫ are 
shown together with a  ? ? ? phase displacement, while SM 
capacitor voltages for different arms are also shown. Capacitor 
voltage ripple for SMs in upper arm is shown to be േ ? ?  
 
  
TABLE I 
PARAMETERS FOR SIMULATION 
Nine-Arm MMC parameters 
Number of SMs per arm (N)  10 
Rated active power 3 MW 
Input dc voltage ( ௗܸ௖) 20 kV 
Rated current magnitude (ܫ௢) 200 A 
Nominal SM capacitor voltage ( ௖ܸ) 2 kV 
Fundamental output frequency ( ௢݂) 50 Hz 
PWM Carrier frequency ( ௖݂) 4 kHz 
Dwell time ( ௗܶ) 5 µs 
Arm inductance (ܮ௔௥௠) 20 µH 
SM capacitance (C) 200 µF 
RL load parameters 
Load resistance 20×௙೚ହ଴ ȍ 
Load inductance 40 mH 
Motor parameters 
Rated output power 3 MW 
Rated line voltage 6.9 kV 
Fundamental frequency 50 Hz 
Rated speed 1500 rpm 
Number of poles 4 
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Fig. 6 Voltage and current waveforms of the nine-arm MMC with Q2L PWM 
at 50 Hz. (a) Line voltages ݒ௔௕ and ݒ௫௬. (b) Expanded view of (a). (c) Six-phase 
load currents. (d) Input current. 
 
 
 
 
Fig. 7 Arm currents and SM capacitor voltages for one phase-leg of the nine-
arm MMC at 50 Hz. 
 
at 10 Hz and േ ?Ǥ ? ? at 5 Hz. The SM capacitor voltage ripple 
percentages, at such low operating frequencies, highlight the 
prominent advantage of the Q2L PWM approach which 
achieves tolerated voltage-ripple percentages with SM 
capacitance of few hundreds of micro farads.      
   Fig. 10 shows the dynamic performance of the nine-arm 
MMC when driving an asymmetrical six-phase induction motor 
from standstill to the rated speed at rated torque, using the Q2L 
PWM approach. The results in Fig. 10 show that the motor 
currents (݅௔ and ݅௫) are of high-quality over the entire speed 
range, while the SM capacitor voltage ripple is inversely 
proportional to the operating frequency, however, lies within 
the tolerated േ ? ? ?, using 500 µF. Near zero frequency, the 
nine-arm MMC is typically operating as a two-level VSI, where 
all of SM capacitors are bypassed. 
B. Experimental Results 
   The steady-state performance of the nine-arm MMC under 
Q2L PWM was experimentally investigated with the 
parameters shown in Table II. The nine-arm MMC is used to 
feed two sets of three-phase RL loads, while the phase shift 
between the two sets of three-phase voltage vectors is ? ? ?. The 
waveforms in Fig. 11 show the experimental results of the nine-
arm MMC topology when operated at 50 Hz, where three arm-
voltages of one leg are shown ranging from 0 to 300 V within 
three intermediate voltage steps. The load currents of one leg 
(݅௔ and ݅௫) are shown to be sinusoidal. The capacitor voltages 
of SMs in upper, middle, and lower arms are balanced around 
100 V withേ ? ? voltage ripple using 50 µF. 
 
Idc
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Fig. 8 Steady-state performance of nine-arm MMC with Q2L PWM at 10 Hz. 
 
 
 
 
Fig. 9 Steady-state performance of nine-arm MMC with Q2L PWM at 5 Hz. 
 
V. ASSESSMENT OF PROPOSED APPROACH 
   Performance tradeoffs are always inevitable in topologies 
realized with reduced components. That is, the nine-arm MMC 
topology using the Q2L PWM has its pros and cons that could 
be identified through both theoretical analysis and 
 
 
Fig. 10 Dynamic performance of Q2L PWM operation of nine-arm MMC when 
driving a six-phase asymmetrical induction motor from stand-still to the rated 
speed at constant full-load torque. 
 
verification results. The salient advantage of the proposed 
approach is its ability to drive MV high-power six-phase 
machines in the megawatt range, with a reduced footprint. The 
footprint reduction is mainly realized through a 25% reduction 
in the number of employed switches, SM capacitors, and arm 
inductors in addition to the significant decrease in the passive 
element requirement where SM capacitance drops from 
 
vcU1 (ǻvcU1 = ±8%)
vcM1 (ǻvcM1 = ± 2.65%)
vcL1 (ǻvcL1 = ±7%)
vcU1 (ǻvcU1 = ±9.5%)
vcM1 (ǻvcM1 = ± 2.72%)
vcL1 (ǻvcL1 = ±8.77%)
vcU1 
vcM1
vcL1
 dozens of milli farads to only few micro farads, while the arm 
inductance can be realized through parasitic circuit inductance. 
Adversely, the merit of employing a reduced component-count 
means limited voltage magnitude, which necessitates 
increasing the dc-link voltage to deliver the same power level 
as traditional MMC configurations. This increases both voltage 
and current stresses of the MMC cells, where each MMC arm 
in the proposed approach blocks the full dc-link voltage. 
Whereas, switching devices in both the upper and lower arms 
are designed to withstand the sum of the output currents 
delivered by each OHJZKLOHWKHPLGGOHDUP¶VDUHUDWHGDWWKH
full output current. A detailed assessment of the proposed 
approach to quantify its features in comparison to other MMC 
approaches that can deliver six-phase voltages, is summarized 
in Table III. 
VI. CONCLUSION 
   This paper has presented a nine-arm MMC topology 
applicable for MV motor drives incorporating six-phase 
machines. The nine-arm MMC is operated in a Q2L PWM 
fashion which mimics the PWM VSI two-level operation using 
an MMC structure with the advantages of indirect series 
connection such as proper voltage sharing and small voltage 
steps. Although the multilevel property is lost, the proposed 
converter retains some key features of the MMC since it has a 
modular structure which can be readily scaled to higher voltage 
ratings, in addition to the controllable slopes of output voltage 
waveform. Compared to a standard six-phase MMC, the nine-
arm MMC employs a reduced number of switching devices, 
capacitors, and inductors. Further, the Q2L PWM of the nine-
arm MMC significantly reduces the requirement of both SM 
capacitance and arm inductance, which reduces drive footprint 
and its stored energy. The proposed approach was assessed in 
comparison to traditional MMC topology to highlight its pros 
and cons. Further, the performance of the proposed approach 
has been verified through both simulation and experimental 
results. 
 
TABLE II 
PARAMETERS FOR EXPERIMENTATION 
Nine-Arm MMC parameters 
Number of SMs per arm (N) 3 
Rated active power 3 kW 
Input dc voltage ( ௗܸ௖) 300 V 
Rated current magnitude (ܫ௢) 10 A 
Nominal SM capacitor voltage ( ௖ܸ) 100 V 
Fundamental output frequency ( ௢݂) 50 Hz 
Dwell time ( ௗܶ) 50 µs 
PWM Carrier frequency ( ௖݂) 1 kHz 
Arm inductance (ܮ௔௥௠) 20 µH 
SM capacitance (C) 50 µF 
RL load parameters 
Load resistance ȍ 
Load inductance 30 mH 
 
 
 
 
 
Fig. 11 Experimental results of nine-arm MMC with Q2L PWM at 50 Hz. 
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 TABLE III 
COMPARISON BETWEEN TRADITIONAL DUAL THREE-PHASE MMC AND NINE-ARM MMC 
Topology Traditional Dual Three-Phase MMC Nine-Arm MMC 
Number of switches and gate 
drive circuits 24N 18N 
Number of SM capacitors and 
voltage sensors 12N 9N 
Number of arm inductors  and 
current sensors 12 9 
Modulation Scheme SPWM Q2L PWM SPWM Q2L PWM 
Multilevel property activated deactivated activated deactivated 
DC-link voltage to deliver same 
power level (ࢂ࢙ሻ ௦ܸ ൌ ௗܸ௖ ௦ܸ ൌ ௗܸ௖ ௦ܸ ൌ  ?Ǥ ?ௗܸ௖ ௦ܸ ൌ1.25 ௗܸ௖ for ߮ ൌ  ? ? ? ௦ܸ ൌ1.5 ௗܸ௖ for ߮ ൌ  ? ? ? 
Voltage stress of switches and 
SM capacitors 
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Current stress of switches 
(ܫ௢ is the peak output current, ܫ௖௠ is the common-mode current) ܫ௖௠ ൅  ?Ǥ ?ܫ௢ ܫ௖௠ ൅ ܫ௢ ܫ௖௠ ൅ ܫ௢ 
Upper and lower arms: 
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suppress inrush current 
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Parasitic inductance of 
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Large inductance to 
suppress inrush current  
(in range of mH) 
Parasitic inductance of  
switches can be utilized 
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